Introduction
The combustión of carbón has received special attention in the literature in the past years. To study the interaction of the flow field vvith the carbón combustión, several flow geometries have been selected. The stagnationflow geometry has been used for both experimental and theoretical works.'^3 The principal objectives in most of these works have been the study of different regimes in carbón combustión and the interaction of homogeneous and heterogeneous reactions with the flow field. The influence on carbón combustión of the water vapor contení of the atmosphere, has also been evaluated. 3, 4 The combustión of spherical carbón particles has been the object of several studies.
Ubhayakar 6 studied the quasisteady burning and extinction of spherical particles (carbón) in a quiescent oxidizer gas. Libby et al. 7, 8, 10 ' 11 analyzed the steady-state and transient combustión of carbón particles suddenly inmersed in a hot oxidizing atmosphere. In this context, the effect of the atmospheric water vapor concentration was also evaluated. 10 In the last work of the series, Kassoy and Libby" used high activation asymptotic methods for high Zel'dovich numbers of the heterogeneous reaction (2C + O2 -» 2CO), in order to study the entire history of a carbón particle. They analyzed different regimes and compared the results with the numerical solution of the governing equations. They found very good agreement for critical temperatures not too cióse to the ambient temperature. The analysis of Kassoy and Libby fails when the temperatures are cióse to each other.
The objective of this paper is to extend the analysis of Kassoy and Libbv 1 ' to the case where the critical temperature is cióse to the high ambient temperature. It is in this regime that we obtain the critical conditions needed for a carbón particle to achieve vigorous heterogeneous combustión. We show that activation etiergy asymptotic methods are well suited to the study of the transient behavior in this limiting case.
Formulation
We consider the following physical problem. A spherical carbón particle of radius R" is suddenly injected in a hot oxidizing atmosphere of temperature T x and oxygen concentration Ko2*. Only the direct heterogeneous reaction 2C(s) + O2 -> 2CO, is assumed, the reation rate of which is given by the Arrhenius law:
r~ BY a exp E ~RT~.
(1) the gas phase is fully justified because the ratio of the characteristic time in the gas (l g ) to that of the solid (/J is given by
where B is the pre-exponential factor; E is the activación energy; T¡ corresponds to the temperature at the solid/gas interface and R is the universal gas constant. Assuming quasi-steady behavior in the gas phase, the governing equations are given by:
Gas phase
This ratio is much less than unity due mainly to the density ratio. Due to the relatively high thermal conductivity of the carbón in comparison with that of the air, a uniform temperature of the solid is also assumed. This would change, of course, if the particle was subjected to forced or free convection. The equations in the gas phase are readily integrated: 
(*) (5) The initial condition is the following:
The instantaneous radius of the particle is changing at a rate given by dR dt m Ps T _ r I -r co ex P (-/ 3)
and
where (3 = mRCp/k g is the non-dimensional mass flow rate and Le = \ g /pDCp is the Lewis number which can be assumed to be the same for all the species. Assuming a uniform temperature in the solid, the heat flux at the solid/gas interface is given by dT or Rp s C s dT s 3 dt (9) Introducing the following non-dimensional variables 9 =
•T,
The meaning of the variables are described in the non-dimensional gas solid interface relathe nomenclature. The quasi-steady behavior in tions transform to The parameters listed in the above lines are of order of unity except A and e • A is the Damkóhler number and can be much larger or much smaller than unity. e is the inverse of the non-dimensional activation temperature, and for this case is a small number. The initial condition is given by
We define a critical non-dimensional temperature 0,, which satisfies the transcendental relation 0 r + -0 =-lnA 
For valúes of 0 larger than the critical valué, 0*, 3 is exponentially small and thus, the process is chemically frozen. As 9 approaches 0*, the chemical reaction is important and has to be taken into account. There are two distinct limits in this problem. For valúes of 0* > e, that is, for valúes of the Damkóhler number A > 1, there exists first a warm up stage where 0 decreases from 1 to 0*. It is followed by a very short transition stage where the chemical reaction changes from kinetic to diffusion controlled, until the particle is virtually consumed. This limit has been analyzed by Kassoy and Libby. 11 However, for valúes of the critical non-dimensional temperature 0* = 0, oforder e, the response of the particle changes abruptly. This important limit is analyzed in the next section.
Analysis
As mentioned earlier, for valúes oí the nondimensional temperature of the particle 0 larger than 0 r (which is assumed in this distinct limit to be of order e), the variables p, daldi and (1 -y) are exponentially small. In this inert stage, 0 decreases from unity reaching asyniptotically the valué of zero as T -> =c. However, when 0 ~ 0 f ~ e, the chemical reaction is important in reaching a transition stage. For a concrete critical valué of A, A r , the critical conditions are obtained. For A < A ( (subcritical regime), slow burning occurs in the carbón particle. That means that during the whole life of the particle, the chemical reaction is controlled by kinetics. On the other hand, for valúes of A > A f , the transition stage is very long(of the same order of magnitude as the inert stage) and ends with a rapid increase of the temperature, reaching the diffusion-controlled regime. The different stages are analyzed below.
Inert stage. For valúes of the non-dimensional temperature of the particle such as 0 > 0, the chemical reaction is exponentially small. This means that the oxygen concentration at the carbón surface can be assumed to be the same as the ambient one. For the same reason, the particle radius does not change in this inert stage. The gas/solid imerface relations transform to
with the initial condition 9| (0) = 1. The subscript / denotes the temperature for this inert stage. Equation (18) witli the initial condition can be written as
The asvmptotic behavior for 0/ as T -> x is given bv 01 ~ c exp 1 + 4 Ja 
As is well known, there are two valúes of <$> e for each valué of 8 below a critical one, and no solution for larger valúes of 8. Only the lowest branch has physical meaning in this context. Figure 1 shows the non-dimensional temperature <}> as a function of the non-dimensional time cr for three different valúes of 8. Figure 2 shows the critical non-dimensional time needed to obtain a runaway reaction, as a function of 8. (23) Subcritical regime. For <$> < e l , there are two characteristic time scales which define two (24) different stages. In the first one the evolution of (t > is governed by Eq. (28). Here (J) -»<(), as cr -» °o. In this pseudo steady state, p of order e is (25) small but different from zero. It is followed by a second slow stage, where the radius of the particle is governed by equation (26) in the ( ¿b > form 
In this slow time scale, the radius of the particle decreases because of the small mass burning rate 3. In Eq. (30), T< e satisfies the quasi-steady state governed now by the following relationship:
with the initial condition a(0) = I. In Figure 3 the evolution of "a" with the time, is plotted for different valúes of J and 8. In order to study the further evolution of the particle radius and temperature, it is convenient to return to the variable © and to define a new non-dimensional time where 1+J ((7,-lne) (34) Therefore, the interface relations take the form The lifetime of the carbón particle for this supercritical regime is then given by iT7r'-lne)+ ¿ (40) Equation (39) can be rewritten, as a function of T, in the form which gives the non-dimensional temperature of the particle as a function of the non-dimensional time for this diffusion limited stage:
From Eqs. (23) to (26), it can be shown that the ignition time for this case is of order e~1 , 3 . Based on this fact, it is also convenient to introduce a new time scale of the form (44) In this regime, P can be evaluated from the critical conditions and is given by (45) in a first approximation. In the same form, from Eq. (24), we obtain after expanding the exponential term , = !-<£/> Lc(l + ?)e (46) Introducing Eqs. (44) through (46) into Eq. (26), the particle radius is given by
Equation (47) shows that the particle radius decreases linearly with time in this regime. Introducing the relations (42) through (47) 
The initial condition is given by Figure 4 shows the critical non-dimensional time sj in function of d.
Concluding Remarks
In this paper we have analyzed the behavior of spherical carbón particles suddenly immersed in a hot oxidizing atmosphere. Depending on the valué of the surface Damkóhler number, the particle undergoes different types of burning regimes. For valúes of the Damkóhler of the order of unity, the particle is heated in a inert stage, reaching the ambient temperature asymptotically. There follows a transition stage where the particle radius does not experience any important change. Depending on the valué of the Damkóhler number, for the supercritical regime, there is a well defined time where the chemical reaction changes abruptly to be controlled by diffusion. At this time, the particle is consumed following the R 2 law. On the other hand, for the subcritical regime, the temperature of the particle reaches (without being consumed) a pseudo steady state followed by a very slow burning process, that does not follow the R 2 law for particle consumption. For Damkóhler numbers very cióse to a critical one, there is a very slow transition stage, where the particle radius changes linearly with time until a condition is reached for supercritical behavior and there is a rapid increase in temperature. After this, the particle is con-sumed very rapidly, following the R~ law. On the other hand, for subcritical behavior, the particle undergoes very slow burning throughout its life.
In this paper we have assumed a stagnant atmosphere. In this case, the assumption of a uniform temperature of the particle is fully justified because the thermal conductivity of carbón is greater than that of air. However, for turbulent flow, the particles follow only the large eddies. The influence of the smaller eddies on heat transfer is very important and has to be taken into account in this type of analysis. For rapid convective fluctuations, the temperature of the particles cannot be assumed to be uniform and the thermal diffusivity of the solid plays an important role in the burning behavior of the particle. This type of analysis is left for future work.
